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Quantifying how Earth surface processes interact with climate, tectonics, and biota has proven challenging, in part
due to the stochastic nature of erosion and sedimentation. Landsliding is a common stochastic erosional process
that may account for >50% of the sediment produced in steep mountainous landscapes. Here, we calculate the
effects of landsliding and the residence time of sediment in a steep drainage basin in the Nepal Himalaya using
a numerical model of landslide erosion combined with published cooling age distributions from two river sediment
samples collected several years apart. We find that the difference in the two samples can be explained by landsliding
and that the age distributions suggest that the residence time of sediment in the catchment is no greater than
50 years. This sensitivity to landsliding thus offers potential to improve our understanding of stochastic erosional
processes, and further suggests that sediment is rapidly evacuated from steep mountainous drainage basins.D
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 INTRODUCTION
Understanding how different erosional processes (e.g., fluvial, glacial,
and hillslope) modify topography is a necessary step toward elucidating
the interactions of weather and climate, tectonic activity, and biological
processes (1). However, determining how specific processes contribute
to the evolution of topography is complicated because some erosional or
depositional processes are continuous, while others are stochastic (2).
Landslide erosion and sedimentation are examples of stochastic surface
processes and are important because they pose some of the greatest haz-
ards to people living in mountainous regions. Detrital thermochronol-
ogy offers a potential solution to understanding the stochastic sediment
supply by landslides and has been successfully applied to understand
how a distribution of mineral cooling ages reflects variations in fluvial
(3, 4), glacial (5, 6), and combined hillslope-fluvial erosional processes
(7). Here, we demonstrate how shallow landsliding produces clear peaks
in the distributions of detrital thermochronometer ages measured in
river sediments downstream. Furthermore, we show how the variability
in catchment cooling ages can be used to estimate the residence time of
landslide-derived sediment in mountainous catchments. To do this, we
consider the influences of landslide-derived sediment storage and
mixing with sediment produced by other processes.
Thermochronometer data record the time since a rock sample
passed through its effective closure temperature in Earth’s crust, which
varies for different thermochronometer systems. For the muscovite
40Ar/39Ar (MAr) thermochronometer, the effective closure temperature
ranges from 300°C up to as high as 550°C for different cooling rates
(8–10). A fundamental aspect of bedrock thermochronology is that ages
commonly increasewith sample elevation in a catchment because the dis-
tance (and time) traveled from a closure temperature to the surface typ-
ically increases with elevation (11). This age-elevation relationship forms
the basis of detrital thermochronometer interpretation, which frequently
uses the distribution of agesmeasured in a sediment sample to determine
the elevation from which the sediment was sourced (12).
Landsliding is the dominant erosional process providing sediment
to rivers in steep mountainous catchments, yet sediment mobilized by
landslides comes from point sources within a drainage basin and thusmay not be representative of the distribution of bedrock ages in the
upstream drainage area. It has been estimated that >50% of the sedi-
ment produced in steep catchments like those of the Himalaya or
SouthernAlps (NewZealand) is the result of shallow bedrock landslides
(13, 14). The sediment from localized landslide sources can provide a
large number of minerals with similar thermochronometer ages in a
detrital age distribution (Fig. 1, A andB). If this sediment does not reside
and mix in the catchment for enough time (≥100 years), it is possible
that minerals in the river sediment reflect individual upstream point
sources. Thus, the age range for detritus produced by landsliding could
be similar to other erosional mechanisms (Fig. 1B), but comparison of
the observed age distributions to predictions from models that assume
uniform catchment erosion may be misleading.
We estimate the production of landslide-derived sediment and its
residence time in a steep catchment using a simple numerical model
of landslide erosion combined with previously published bedrock age
predictions from a three-dimensional (3D) thermokinematic numerical
model (Fig. 2) (15). The distribution of grain ages in a detrital thermo-
chronometer sample is sensitive not only to surface processes such as
landsliding that determine the elevation from which river sediment is
derived but also to the long-term denudation and tectonic history of a
catchment (Fig. 2, A and B). To simulate these combined effects, we use
the 3D thermokinematic numerical model Pecube (16) modified to cal-
culate detrital thermochronometer age distributions for a modern river
sediment sample with a stochastic distribution of landslides in the
catchment (Fig. 2C) (15). The landslide model is used to assess how
bedrock landsliding affects detrital thermochronometer age distribu-
tions for landslide-generated sediment that accumulates over varying
sediment residence times in the catchment, in different drainage basin
sizes, and that is mixed with sediment produced by other erosional
mechanisms. The residence time in our models is defined as the time
sediment grains remain within the catchment as part of the population
of minerals that could be dated in a random sample. Note that our def-
inition assumes effectively no long-term sediment storage in the catch-
ment, which we further justify in Discussion. We focus on the Nyadi
River drainage basin (Fig. 1C), a tributary to the Marsyandi River in
central Nepal, where detrital MAr thermochronometer age predictions
with uniform basin erosion reproduce the age distribution from a sam-
ple collected in 2002 (17), but do not reproduce an earlier sample from
1997 (Fig. 1D) (18).1 of 7
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 The influence of bedrock landsliding on detrital thermochro-
nometer ages is determined by comparing predicted age distributions
for different sediment residence times in the catchment. We consider
residence times between tr = 1 and 1000 years and do not vary any other
model parameters. For each residence time, 10,000 age distributions are
calculated using n = 111 predicted ages and compared to the observed
ages (also n = 111) from the Nyadi catchment (Fig. 1, C and D) (17).
Details of the numerical modeling approach are provided in Materials
and Methods and the Supplementary Materials.RESULTS
Effects of landsliding on detrital age distributions
For short sediment residence times (1 and 10 years), small regions of the
drainage basin are sampled by landslides and the predicted age distribu-
tions exhibit a poor fit to the observed age distribution for the Nyadi
catchment. With a residence time of tr = 1 year, the predicted synoptic
probability density functions (SPDFs) (17) are highly variable and poor-
ly fit the observed age distribution; only 0.2% of the predicted SPDFs are
equal to the observed age distribution (Fig. 3A, gray lines). The peak agesWhipp and Ehlers, Sci. Adv. 2019;5 : eaav3482 24 April 2019of the predicted SPDFs range from ~5 to 10 million years (Ma), distrib-
uted nearly equally across that range. The variability is the result of few
landslides that sample ages from only a small portion of the drainage
area, providing small clusters of similar ages from each landslide. The
age variability decreases as the residence time is increased to tr = 10 years,
with predicted peak ages of ~5 to 8Ma that cluster close to the prominent
peak at 5 Ma (Fig. 3B). This reduction in variation is due to sampling a
larger fraction of the catchment over the 10-year residence time. Al-
though the longer residence time results in an improved fit to the ob-
served age data (8.2% of the predicted age SPDFs are equal to the
observed), the fit is still quite poor for short residence times (≤10 years).
Asmore of the drainage area is sampled by landslides occurring over
longer residence times (100 and 1000 years), the fit to the observed age
distribution improves and becomes more similar to that observed for
uniform denudation of the catchment (Figs. 1D and 3, C and D). With
a residence time of tr = 100 years, nearly all of the peak ages for the
predicted SPDFs are between 5 and 6 Ma, providing a better represen-
tation of the observed age data, as indicated by the larger percentage of
predicted and observed SPDFs that are statistically indistinguishable
(39.5%; Fig. 3C). For tr = 1000 years, the variability in the predictedFig. 1. Influence of bedrock landslides on a detrital age distribution, and predicted and observed age distributions from the Nyadi catchment in central Nepal.
(A) A river sediment sample in a drainage basin may record denudation of the entire basin (light gray) or sediment generated dominantly by bedrock landslides (dark gray),
producing (B) significantly different age distributions with the same age range [after Stock et al. (3)]. (C) Shaded relief digital elevation model of the Marsyandi drainage basin
(heavy black border) in central Nepal withmajor tectonic structures and the location of the ~200-km2 Nyadi catchment (white fill). MBT,Main Boundary Thrust; MCT, Main Central
Thrust; STD, South Tibetan Detachment. (D) Predicted detrital MAr age distributions (gray) based on uniform basin denudation show variable goodness of fit to the observed age
distributions (black solid, dashed lines), with very similar ages to the 2002 sample and age distributions that do not match the 1997 sample. The 2002 data are from Ruhl and
Hodges (17), and the 1997 data are from Brewer et al. (18).2 of 7
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 SPDFs is quite limited, all sharing a similar peak age and form. In this
case, 57.3% of the predicted and observed age distributions are equal,
and the predicted SPDFs are very similar to those calculated for uniform
denudation of the entire catchment (Figs. 1D and 3D). This shows that
landslide-driven erosion approaches uniform catchment erosion for
long residence times (tr ≥ 1000 years).
Sensitivity to basin size and other erosional processes
Smaller drainage basins (≤25 km2) appear to be less sensitive to the
effects of shallow landsliding, at least in rapidly eroding landscapes.
For three subbasins in the Nyadi catchment with areas of ~100, ~25,
and ~5 km2 (Fig. 4A), we calculated age distributions and compared
them to the predicted age distribution for uniform erosion of the sub-
basin for different sediment residence times. At residence times of tr ≤
25 years, predicted age distributions for the entire Nyadi catchment andWhipp and Ehlers, Sci. Adv. 2019;5 : eaav3482 24 April 2019its upper half (A = 103.2 km2) are equal to those resulting from uniform
basin erosion less than~50%of the time, again suggesting a strong effect
of landsliding for short residence times. Unexpectedly, the smaller sub-
basins (A = 5 and 25 km2) are different, with at least ~75% of the
landslide-produced age distributions being equal to that for uniform
subbasin erosion for all residence times (Fig. 4A). This observation is
unexpected because small basins should be particularly sensitive to in-
dividual landslides based on the landslide frequency-area relationship
(Eq. 1 and fig. S1C), which predicts that no landslides should occur
in under 50 to 100 years for basins with drainage areas of 5 km2 or 5
to 10 years for a 25-km2 basin area. The apparent lack of signal for these
small, rapidly eroding basins reflects their relatively small range of
bedrock thermochronometer ages.
In contrast to landsliding, many other hillslope erosional processes
are not stochastic and thus contribute a more representative sample ofFig. 2. Overview of catchment bedrock age prediction. (A) Example 3D thermokinematic numerical model of the Marsyandi River region including the effects of
active thrusting on the model equivalent of the Main Himalayan Thrust [see Whipp et al. (15) for model design details]. Thermochronometer ages are predicted across
the entire model surface as particles travel toward the surface along their exhumation pathways (e.g., white arrow). (B) Example of a catchment subsample of predicted
MAr bedrock ages. (C) Predicted SPDF (SPDFp) for all catchment bedrock ages. Age prevalence in the SPDFp is scaled by the instantaneous exhumation rate at the
surface in the thermokinematic numerical model (A).3 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L E
 o
n
 M
ay 7, 2019
http://advances.sciencem
ag.org/
D
ow
nloaded from
 the sediment produced across the drainage basin. We simulated
mixing of the contributions of landslide-mobilized sediment and that
contributed by erosional processes that occur across the entire basin
by combining the predictions from the landsliding model with those
for uniform basin erosion using a landsliding sediment mixing factor f
(Fig. 4B), where f = 0 corresponds to uniform basin erosion and land-
slides produce all of the basin sediment when f = 1. As above, the
impact of bedrock landslides on catchment sediment is strongly
controlled by the residence time of sediment in the catchment (Fig.
3). The influence of landslides can be detected when landslides pro-
duce 15 to 25% of the catchment sediment for residence times of 1 to
10 years (Fig. 4B). For longer residence times of 100 to 1000 years, the
impact of bedrock landsliding may only be detected when landslides
produce 60 to 80% of the catchment sediment, for catchments of sim-
ilar size to the Nyadi (Fig. 4B).DISCUSSION
The degree to which landslide-produced sediments are representative
of the upstream distribution of bedrock thermochronometer ages
strongly depends on the residence time, which is difficult to determine
for steep catchments where shallow landsliding is common. We ob-
served a strong impact of individual landslides on detrital thermo-Whipp and Ehlers, Sci. Adv. 2019;5 : eaav3482 24 April 2019chronometer age distributions for basins on the order of 100 km2
for short residence times (≤10 years) and reduced sensitivity for longer
residence times (>100 years), where a larger total number of land-
slides would be expected to sample more of the bedrock exposed in
the catchment.
There are several observations that support short sediment residence
times in steep landscapes, particularly in the central Himalaya. First,
studies of sediment fluxes resulting from landslides triggered by large
earthquakes suggest a considerable transient increase in sediment dis-
charge following those events (19–21). For example, the sediment dis-
charge following theMW (moment magnitude) 7.6 ChiChi earthquake
was enhanced for ~6 years before returning to pre-earthquake levels,
suggesting that much of the mobilized sediment that reached the rivers
was transported out of the catchments in that time (19). Furthermore,
fine sediment fluxes were also elevated following the 2008 Wenchuan
earthquake, with estimated sediment residence times typically less than
~10 years for drainage areas up to ~1000 km2 (20). Second, elsewhere in
the Himalaya, sediment with grain sizes below 1 mm comprises only a
small fraction (<15%) of material found in channel bars (22, 23), sug-
gesting minimal storage of this size fraction within these catchments.
This observation suggests that much of the finer sediment, which is of-
ten targeted for detrital geochronology, is transported downstream an-
nually during the summer monsoon season. Similar observations haveFig. 3. Predicted MAr age distributions for varying sediment residence time tr and observed ages from the Nyadi catchment. One hundred of 10,000 predicted
age distributions (gray) for (A) tr = 1 year, (B) tr = 10 years, (C) tr = 100 years, and (D) tr = 1000 years. The percent similarity refers to the percentage of predicted age
distributions that pass the two-sample Kuiper’s test [see Press et al. (33) and the Supplementary Materials]. Decreasing variation in peak age is the result of an increase
in the fraction of the drainage basin that is sampled by landslide-generated sediment as tr increases. Data are from Ruhl and Hodges (17). The predicted age SPDFs are
smoother than the observed age distribution because they were created using the median percent uncertainty in the observed ages (s = 10.9%), whereas the percent
uncertainty for individual observed ages ranges from <1% to >1000%. Abbreviations as in Fig. 2 caption.4 of 7
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 beenmade in theNarayani River basin towhich theNyadi is a tributary,
where transport of suspended sediment derived from hillslopes during
the monsoon season is very rapid with minimal storage (24). Although
the residence time of coarser sediment transported as bed load appears
to be tens to hundreds of years (25), the residence time of suspended
sediment in mountainous catchments appears quite short. Last, the
short residence time is supported by limited storage of sediment in steep
catchments in the central Himalaya compared to those in the eastern
andwesternHimalaya (26). There are valley-filling sediments present in
the central Himalaya, but mainly at lower elevations downstream of the
steepest parts of the landscape.
If the residence time of landslide-produced sediment in steepmoun-
tainous catchments is short (~10 years or less), a reasonable explanation
for the difference in the 1997 and 2002 detrital age distributions from
the Nyadi catchment (Fig. 1D) (17, 18) is that the analyzed sediment
was sourced from bedrock landslides in different parts of the basin.
We predict ~3 Ma of variability in the MAr peak ages in the Nyadi
catchment (Fig. 3B), with a residence time of 10 years, which is larger
than the observed offset in the peak ages in the 1997 and 2002 Nyadi
catchment samples (<1 Ma) and the difference in the age of the youn-
gest peaks (~1.5 Ma; Fig. 1D).
Although few studies exist with detrital thermochronology samples
collected in multiple years from the same basin, there is evidence that
sediment analyzed in some previous studies may have been sourced
from point sources such as bedrock landslides or rockfalls. Detrital
age distributions from samples collected in 1997 and 2002 in the
Marsyandi River (17, 18), the trunk stream intowhich theNyadi drains,
do not reproduce and are statistically different. Although it is difficult to
attribute the cause of this difference to landsliding from the age distri-
butions alone, the fact that the two samples have similar age ranges but
different probability distributions is consistent with sediment sourced
from landslides. Furthermore, an abundance of young ages observed
in one detrital sample from the White Mountains of California (27)
was inconsistent with the observed bedrock age range in the catchment.Whipp and Ehlers, Sci. Adv. 2019;5 : eaav3482 24 April 2019This inconsistency was attributed to a local rockfall at low elevation in
the study catchment.
Similar sensitivity to stochastic erosional processes has been ob-
served in studies using cosmogenic radionuclide dating, where the issue
of sample replicability has received greater attention. Cosmogenic
radionuclides in bedrock form by interaction between cosmic rays
and various minerals within ~2 m of the Earth’s surface [e.g., (28)],
making them highly sensitive to processes affecting Earth’s shallow sur-
face such as landsliding. In a recent meta-analysis, Sosa Gonzalez et al.
(29) reviewed a number of past cosmogenic radionuclide studies,
finding that samples are less likely to replicate as landscape steepness
increases. Sample replication was found to be worst when basins are
small (<210 km2) and landsliding or other mass movements occur fre-
quently. This is consistentwith past studiesmodeling the effects of land-
sliding on cosmogenic radionuclides (30, 31), where the greatest
sensitivity to landsliding was observed in small catchments. A similar
sensitivity to stochastic erosion was observed in the western Himalaya
(22), where variability in cosmogenic radionuclide concentrations was
attributed to stochastic sediment input upstream. This case is notable
because sensitivity to stochastic erosion events is found even in basins
with areas in excess of 10,000 km2.
Combined, these observations suggest that different erosional
mechanisms and sediment residence times produce a signal in detrital
thermochronometer data. In steep mountainous catchments where
bedrock landsliding is active, the stochastic nature of landslides may
bias the calculated age distributions from modern river sediment
(Fig. 5). In the examples provided here, this effect appears only when
the residence time of sediment in the catchment is short (<50 years),
but it is possible that catchments experiencing slower average denu-
dation ratesmay have a larger age range and greater sensitivity to land-
sliding (Fig. 5A). In contrast, catchmentswith long sediment residence
times, low relief, or a small range in bedrock ages are not likely to be
sensitive to stochastic erosion (Fig. 5B). Thus, the results presented
here demonstrate a new potential for thermochronometer datingFig. 4. The effects of bedrock landsliding on predicted detrital age distributions as a function of drainage basin area, sediment residence time, and fluvial
sediment mixing. (A) Predicted landslide-generated age distributions from the whole Nyadi catchment (blue) and three subcatchments (green, red, and black) show
increasing agreement with equivalent predicted age distributions for uniform basin denudation as the sediment residence time tr increases. (B) Mixing of landslide
sediment with sediment generated by other hillslope processes shows that a lower fraction of landslide-derived sediment increases the probability that the predicted
age distributions and the 2002 observed age distribution (17) are statistically equal, as does increasing the sediment residence time. Black filled circles indicate results
from individual models.5 of 7
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The crustal scale thermal and kinematic model used the present-day to-
pography of the study area and the deformation history determined
from previous work (15, 32) to predict spatial variations in cooling ages.
Monte Carlo sampling was used to extract a subset of n ages from the
population of catchment ages and create a predicted SPDF (17) that
accounts for spatially variable exhumation rates across the catchment
by dividing the calculated SPDF by the average catchment exhumation
rate (15). For each Monte Carlo iteration and predicted SPDF, a pre-
dicted cumulative SPDF was calculated and compared to the observed
age distribution using the two-sample Kuiper’s test (33), with a signifi-
cance level ofa = 0.05. The results were recorded to log the percentage of
predicted cumulative SPDFs that are statistically indistinguishable from
the observed age distribution. Additional details of the model are
provided in the Supplementary Materials.
The influence of bedrock landsliding on the detrital age distributions
was simulated using a simple landsliding model with random landslide
locations within a given catchment and a power-law frequency-area
relationship. Landslide size follows the empirical power-law frequency-
area relationship of Hovius et al. (13)
ncðA≥ AcÞ ¼ kðAc=ArÞbAr ð1Þ
which states that the number of landslides nc with an area larger thanAc
in a reference area Ar is a function of the landsliding rate per unit area
per year k and the power-law exponent b. We calculated landslide oc-
currence for landslide areas Ac of 0.005 to 38.5 km
2 using a reference
area of Ar = 1 km
2 and with a preferred power-law exponent b = 1.16
fromHovius et al. (13). The landsliding rate k was scaled to produce anWhipp and Ehlers, Sci. Adv. 2019;5 : eaav3482 24 April 2019average surface denudation rate equal to the rock uplift rate in Pecube
(2.5 mm/a) following the method described by Niemi et al. (30).
Landslide-produced thermochronometer ages accumulate as sediment
is stored in the catchment for a residence time tr. Bedrock thermochro-
nometer ages do not vary with depth for the landslide-sampled sediment.SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaav3482/DC1
Fig. S1. Overview of landslide age prediction.
Fig. S2. Satellite imagery of landslides in the Nyadi catchment.
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